Abstract Aims/hypothesis: The goal of this investigation was to determine whether there are sex-related differences in the development of cardiomyocyte dysfunction in prediabetic, insulin-resistant animals. Materials and methods: Male and female rats were maintained on a high-sucrose diet for 5-11 weeks, and mechanical properties of isolated ventricular myocytes were measured by high-speed video edge detection. Several in vitro interventions were used to manipulate intracellular Ca 2+ in order to determine whether altered Ca 2+ availability contributes to the cardiomyocyte dysfunction. Results: Myocyte shortening and relengthening were significantly slower in sucrose-fed (insulin-resistant) males than in starch-fed (normal) male rats, whereas only relengthening was slower in sucrose-fed females when compared with normal females. Areas under the contraction and relaxation phases for sucrose-fed males were also significantly larger than in diet-matched females, and the slowed cardiomyocyte mechanics appeared earlier in males (7 vs 10 weeks). Prolonged relaxation was ameliorated in myocytes from sucrose-fed female rats by all interventions (i.e. 10 −8 mol/l isoprenaline, elevated extracellular Ca 2+ , and higher rates of stimulation). Twice as much extracellular Ca 2+ (4 mmol/l) was required to restore normal time courses of contraction and relaxation in sucrose-fed males than in females, and mechanical responses to higher frequency stimulation remained impaired (slower) in some myocytes from sucrose-fed male rats. Conclusions/ interpretation: These data suggest that in myocytes from insulin-resistant rats altered Ca 2+ handling occurs, contributing to abnormal excitation-contraction coupling; female rats seem to have some cardioprotection during early stages in the progression towards type 2 diabetes. Females show delayed onset and milder abnormalities in metabolic status and cardiomyocyte function, but with a much tighter temporal coupling of these dysfunctions.
Introduction
Cardiovascular disease is a leading cause of morbidity and mortality in type 2 diabetes mellitus [1] , women showing a greater increment of risk than men [2] . Abnormal ventricular systolic and diastolic functions are reported in type 2 diabetic patients presenting without macrovascular disease or hypertension, providing indirect evidence of a diabetic cardiomyopathy [3] . Furthermore, there is considerable evidence that diastolic dysfunction occurs early in the disease process [4] . In clinical studies, detectable cardiac dysfunctions have been reported to occur as early as the glucose intolerance phase (i.e. hyperinsulinaemia and hyperglycaemia) that follows insulin resistance [5] .
A number of different animal models reflect aspects of human type 2 diabetes (e.g. chemically induced, diet-induced or genetically predisposed strains [6] ). Early stages of the disease are characterised by hyperinsulinaemia, dyslipidaemia and euglycaemia (insulin-resistant phase), and later stages of the disease also include comorbidities such as hyperglycaemia, obesity, and hypertension. Because our laboratory is interested in understanding the pathogenesis of diabetic cardiomyopathy, we chose a model that presents with relatively minor metabolic abnormalities, consistent with prediabetic insulin resistance in humans [7, 8] . A high-sucrose diet is used to induce whole-body insulin resistance without producing obesity or hypertension, thereby avoiding haemodynamic changes that can independently alter cardiac physiology [9] . This model has been well characterised in terms of whole-animal glucose metabolism and lipid levels [8] , and we have described a dysfunction in isolated ventricular myocytes [10] that resembles that seen in models of early stages of type 1 diabetes; i.e. prolonged myocyte shortening and relengthening and slowed cytosolic Ca 2+ removal. As previously discussed [10, 11] , this model is particularly intriguing in that impaired myocyte mechanics appears prior to overt ventricular dysfunction in the whole heart.
In contrast to clinical investigations, a number of animal studies show that female diabetic rats may have a cardiovascular advantage. For example, hearts from male rats with streptozotocin-induced type 1 diabetes have a greater degree of dysfunction than those from diabetic females [12] . In spontaneously hypertensive rats with heart failure, males (obese and non-obese) develop more severe type 2 diabetes than females and die earlier of congestive heart failure [13] . The severity of cardiovascular disease in an insulin-resistant obese strain (JCR:LA-cp) appears worse in males than in females [14] . Thus, in animals, sex may play a role in determining the time course of pathogenesis and the severity of diabetic cardiomyopathy in models of both type 1 and type 2 diabetes, although the cellular mechanisms underlying these differences remain largely unexplored.
The present study was designed to determine whether there are sex-dependent differences in the development of a cardiomyocyte dysfunction in insulin-resistant animals that do not present with overt diabetes. In addition, since it is well established that intracellular Ca 2+ homeostasis is altered in heart muscle from diabetic animals (reviewed in [15, 16] ), we also examined how myocytes from sucrosefed male and female rats handle interventions that alter intracellular Ca 2+ . The diets included all necessary constituents for growth [8] and contained 68% carbohydrate, 20% protein and 12% fat. After 5-11 weeks on diet, the animals were anaesthetised by injecting a mixture of 80 mg/kg ketamine and 12 mg/kg xylazine intraperitoneally. Blood samples were collected from anaesthetised animals (prior to cardiac excision), spun in a microcentrifuge and stored (−20°C) for later analysis. Plasma glucose levels were determined by the glucose oxidase method using a Beckman glucose analyser (Fullerton, CA, USA). Plasma insulin was measured by radioimmunoassay (Linco Research, St Louis, MO, USA). An estimate of insulin resistance, the homeostasis model assessment (HOMA), was calculated by the following equation: [fasting insulin (μU/ml)×fasting glucose (mmol/l)]/22.5 [17] .
Materials and methods

Animals and diets
Measurement of myocyte shortening/relengthening Ventricular myocytes were isolated by collagenase digestion as previously described [10] , allowed to attach to coverslips coated with laminin (10 μg/ml), and stored in Tyrode's buffer (see below) at 37°C in an incubator with 100% humidity and 5% CO 2 until used. Mechanical properties were recorded in myocytes within 6 h after isolation and assessed by video-edge detection (IonOptix, Milton, MA, USA) as previously described [10] . Coverslips with cells attached were placed in a perfusion bath (1 ml volume) mounted on the stage of an inverted microscope. Unless otherwise specified, the cells were superfused at a flow rate of ∼2 ml/min with modified Tyrode's buffer of the following composition (mmol/l): 131 NaCl, City, CA, USA) and used to evaluate the mechanical properties of each myocyte: resting cell length, peak shortening amplitude, times to peak shortening and relengthening (10% above baseline to 90% below peak shortening), and the area under the shortening (A C ) and relengthening (A R ) phases (Fig. 1a) . A C and A R were normalised to peak shortening amplitude (PK) and account for both the time course and shape of the contractile cycle. The advantages and limitations of each index used to describe myocyte mechanics have been discussed pre-viously [18] . For clarity, peak fractional shortening (PS) and the area indices will be used in describing the subsequent experimental manipulations. Subsets of cells were superfused with Tyrode's buffer containing either 2 or 4 mmol/l Ca 2+ , or 1 mmol/l Ca 2+ supplemented with isoprenaline (10 −8 mol/l), and fieldstimulated at 0.5 Hz. Other cells were only stimulated at 5 Hz in control buffer (described above). Another subset of cells was stimulated at each of the following frequencies: 1, 2, 3 and 5 Hz. The cells were allowed to establish steadystate twitches after each frequency change. Only one cell per coverslip was used for each series of stimulus frequencies.
Statistical analyses
Most of the data were statistically evaluated using a 2×2 ANOVA design, in which one factor was sex and the other diet. Each index was assessed in separate ANOVAs (Systat, Evanston, IL, USA). If the interaction term (sex×diet) reached statistical significance (p≤0.05), a Bonferroni multiple comparison test was used to identify which groups were statistically different. The most meaningful comparisons are indicated in the figures and tables, and include differences between sexes (within each diet) and between diets (within each sex). In the experiment evaluating the effects of various stimulus frequencies on the same myocyte, an ANOVA with a repeated measure design was used.
Results
Physical and metabolic status of animals
Animals were weight-matched at the beginning of the study and fed so that body weights were similar between starch and sucrose groups within each sex. After 5-11 weeks on diet, male rats had a significantly greater body weight than female rats, but there were no differences due to diet within each sex. Table 1 shows data for animals on diet for 9-10 weeks. Weight-matched feeding within each sex was important because obesity itself is associated with insulin resistance and cardiac dysfunctions. In this model, sucrose feeding induces whole-body insulin resistance with basal hyperinsulinaemia and euglycaemia [10] . In order to gauge whether sucrose-fed animals used in this study exhibited metabolic values characteristic of this model, blood samples were taken in anaesthetised animals just prior to excising the heart. We found, however, that the ketamine/xylazine preparation significantly suppressed insulin secretion in all groups (data not shown). Therefore, we collected blood samples in a small cohort of animals that were anaesthetised with pentobarbital (n=4-7 for each group, after 9-10 weeks on diet). Sucrose-fed rats of both sexes were found to be euglycaemic, hyperinsulinaemic and modestly (but significantly) insulin-resistant, as measured by HOMA, relative to starch-fed controls (Table 1 ).
Sex differences in baseline myocyte mechanics
Representative twitches of myocytes from starch-and sucrose-fed male and female rats are presented in Fig. 1b and c, respectively. Larger areas describing shortening and relengthening indicate slower contraction and relaxation, respectively. Isolated ventricular myocytes from sucrosefed males had prolonged shortening and relengthening when compared with myocytes from starch-fed (control) males (Fig. 1b) , whereas only relengthening was prolonged in myocytes from sucrose-fed females relative to their starch-fed controls (Fig. 1c) .
The time course for the development of ventricular myocyte dysfunction differed between males ( Fig. 2a) and females (Fig. 2b) . The entire contractile cycle (including both contraction and relaxation) can be described by the total area under the curve normalised to PK (A Total /PK). Animals of both sexes were maintained on diet for 5-11 weeks. In Fig. 2 , week 5 illustrates data from animals Myocyte twitches were recorded during electrical stimulation at 0.5 Hz recorded at 33°C. Traces were chosen that best represent the means for each group of animals. Peak twitch amplitudes were normalised to each other in order to illustrate the time course of each twitch. PK Peak twitch amplitude, A C area under the contractile phase, A R area under the relaxation phase, TPT time to peak twitch, TR time to relaxation after 5-6 weeks on diet, week 7 includes data from animals 7-8 weeks on diet, and week 10 includes data from animals on diet for 9-11 weeks. Sucrose-fed males exhibited slower myocyte mechanics by 7 weeks on diet compared with the starch-fed controls, whereas sucrose-fed females did not display mechanical abnormalities until 10 weeks on diet. Table 2 provides a more detailed analysis of myocyte mechanical function and reveals that after 9-11 weeks on diet, shortening (or contraction) properties were slower in sucrose-fed males as described by time to peak twitch and maximum rate of shortening (Max+dL/dt), as well as relengthening (or relaxation) properties as described by time to relaxation and maximum rate of relengthening (Max -dL/dt). As mentioned above, only relengthening indices were prolonged after 9-11 weeks in sucrose-fed females, compared with their controls. These effects were also reflected in the area index for relaxation (A R /PK). Under control conditions (involving 1 mmol/l extracellular Ca 2+ at a stimulus frequency of 0.5 Hz), peak fractional shortening (PS; peak twitch amplitude normalised to resting cell length) was unaffected by diet in either sex (as illustrated in Fig 3a, with summary data in subsequent figures). Sucrose feeding did not affect the resting cell length of myocytes (Table 2) ; however, cells from male rats were longer than those from female rats (independent of diet). (Fig. 3f ) all restored to normal the prolonged relaxation seen in sucrose-fed females. For sucrose-fed males, both isoprenaline (Fig. 3a) and 5 Hz stimulation (Fig. 3c) were effective in normalising myocyte contraction and relaxation. However, 2 mmol/l Ca 2+ (Fig. 3b ) was insufficient to restore normal function in sucrose-fed males.
Activation of the β-adrenergic receptor (β-AR) regulates a number of mechanisms involved in Ca 2+ regulation and excitation-contraction coupling (e.g. augmenting Ca 2+ influx and sarcoplasmic reticulum uptake, reducing myofilament Ca 2+ sensitivity). Myocytes from male and female starch-and sucrose-fed rats were superfused with 10 −8 mol/l isoprenaline and compared with recordings in control buffer (containing 1 mmol/l Ca 2+ ). As illustrated in Fig. 4a and d, isoprenaline (in the concentration used) had no effect on PS. However, it normalised both contraction (A C/PK ) and relaxation (A R/PK ) in myocytes from sucrose-fed males ( Fig. 4e and f) and restored A R/PK in myocytes from female sucrose-fed animals (Fig. 4f) .
Increasing [Ca 2+ ] o not only increases trigger Ca 2+ but also increases the sarcoplasmic reticulum Ca 2+ load. This manipulation produced a significant positive inotropic effect on myocytes from both starch-and sucrose-fed animals, regardless of sex (Fig. 5a, d and g ). In response to 2 mmol/l Ca 2+ , A C/PK in sucrose-fed males remained abnormal (Fig. 5e) , and A R/PK was restored to normal in sucrose-fed females only (Fig. 5e) . In contrast to myocytes from females, in myocytes from males 4 mmol/l Ca 2+ was required to normalise indices of mechanics ( Fig. 5h and i) .
The third manipulation used to alter intracellular Ca 2+ was to increase stimulus frequency. We stimulated a subset of myocytes from both male and female rats at 5 Hz to reflect a physiologically relevant rate of contraction (in rats, typical heart rates approach 300 beats/min). Figure 6 shows that there was a negative inotropic effect (negative treppe) in both male and female myocytes (Fig. 6a,d ) and that both contraction (Fig. 6e) and relaxation (Fig. 6f) were faster compared with values at the baseline rate of stimulation at 0.5 Hz (Fig. 6b,c) . At 5 Hz, there were no longer any significant differences between myocytes from sucrose-and starch-fed animals of either sex. These data were collected only on those myocytes that were able to achieve steady-state contractions at the higher pacing Significantly different from males for the same diet c Significantly different from all other groups RCL Resting cell length, TPT time to peak twitch, TR time to relaxation, Max+dL/dt maximum rate of contraction, Max-dL/dt maximum rate of relaxation, n number of myocytes frequency. A repeated measures experiment was also carried out with subsets of cells, each of which was stimulated over a range of frequencies (Fig. 7) . In sucrosefed males, the mechanical dysfunction was apparent at all stimulus frequencies (Fig. 7a) , whereas myocytes from sucrose-fed females had normal mechanics at stimulus frequencies of 1-5 Hz (Fig. 7b) .
Discussion
The major finding of this investigation is that there are sexrelated differences in cardiomyocyte function in a prediabetic model of insulin resistance, males exhibiting more dramatic mechanical impairment and developing the dysfunction at an earlier stage than females. This cardiomyocyte dysfunction appears to be a very early manifestation of the disease process. β-Adrenergic receptor stimulation normalises function in both sexes, while other manipulations of intracellular Ca 2+ (i.e. increasing [Ca 2+ ] o and stimulus frequency) were found to be more effective in restoring normal function in females than in males. Our findings suggest that the sex-related differences in the effects of sucrose feeding on cardiomyocyte excitation-contraction coupling involve changes in cytosolic Ca 2+ regulation. The cardiomyocyte dysfunction we see in the sucrosefed model appears earlier and is more severe in males, suggesting that female rats have some cardioprotection during the course of metabolic changes. At present it is impossible to say whether our findings are directly due to sex-related differences in the heart or some other factor (e.g. severity of metabolic changes associated with the high-sucrose diet). Studies with this model show that strain, age, length of time and type of diet also affect metabolic and functional outcomes [9, 19, 20] . A thorough characterisation of the time course of metabolic changes that occur in sucrose-fed male Wistar rats was carried out by Pagliassotti and colleagues [7, 21, 22] using glucose challenges and hyperinsulinaemic/euglycaemic clamp protocols in unanaesthetised animals. In a separate study, they found that sucrose-fed females were not insulin-resistant after 8 weeks and exhibited neither elevated triglycerides nor hyperinsulinaemia [23] . In the present study, we show that with an additional 1-3 weeks on diet, sucrose-fed females exhibit metabolic changes consistent with sucrosefed males (Table 1) and their ventricular myocytes have impaired relaxation, although not as severe as in males (Table 2 and Figs. 4c, 5c and 6c). The severity and duration of insulin resistance have been shown to correlate with cardiomyocyte dysfunction. For example, interventions that alter metabolism (i.e. metformin or fibrate treatment, and voluntary exercise) prevent both insulin resistance and abnormal myocyte mechanics in sucrose-fed male rats [10, 24] . This myocyte dysfunction is also completely (or partially) reversible when treatments begin after the onset of insulin resistance [24] .
Cardioprotection in females is evident in a number of rodent models of disease (e.g. chronic volume overload [25] , remodelling after myocardial infarction [26] , and recovery from ischaemia/reperfusion [27] ). Data from animal models of diabetes also indicate that a female advantage persists with respect to cardiovascular disease. For example, streptozotocin-induced diabetes depresses the rate of ventricular pressure development and prolongs the contraction and relaxation phases to a greater degree in papillary muscles from males than in those from females [12, 28] . Also, in type 1 diabetic rats, the ventricular myocyte action potential is prolonged, corresponding to a decline in peak potassium currents in males but not in females [29, 30] . Similar attenuation of peak potassium currents in males but not females is seen in ventricular myocytes from the db/db mouse model of type 2 diabetes with obesity [31] , although whole-heart function is impaired to a similar degree in both sexes [32] . In a rat model of diabetes that uses fructose feeding, males develop insulin resistance and hypertension, while females exhibit less severe metabolic changes and no hypertension [33] . In addition, ovariectomy results in hypertension and vascular dysfunctions, as seen in fructose-fed males [33] , and exacerbates metabolic changes in rats receiving high doses of insulin (in place of diet-induced hyperinsulinaemia) [34] .
Experimental manipulations affecting intracellular Ca
2+
were undertaken based on our previous findings that Ca 2+ regulation is altered in myocytes from sucrose-fed rats [10, 11] , consistent with a variety of other models of cardiac dysfunction in diabetes (reviewed in [15, 16] ). Increasing extracellular Ca 2+ has been shown to normalise cardiac function in streptozotocin-induced type 1 diabetic animals [35] . To test for sex-related differences in Ca 2+ handling in the sucrose-fed model, we used several interventions to increase cytosolic Ca 2+ (i.e. isoprenaline, increased [Ca 2+ ] o and higher frequency stimulation). Our data show that an increase in Ca 2+ availability is sufficient to restore normal mechanics in myocytes from sucrose-fed females, but that this improves function to a lesser degree in males. Twice as much extracellular Ca 2+ (4 mmol/l) was needed to normalise mechanical function in myocytes from sucrosefed males compared with those from sucrose-fed females (Fig. 5) , and increasing stimulus frequency was not completely effective at restoring function in male myocytes (Fig. 7) . Only isoprenaline was equally effective in restoring function to cells from both male and female sucrose-fed animals (Fig. 4) . Given that myocytes from males appear to be more severely affected by sucrose feeding than those from females, it is reasonable to expect that males cells might require higher [Ca 2+ ] o in order to compensate for the cellular defects contributing to abnormal mechanics. It is therefore interesting that the same concentration of isoprenaline was effective in normalising function in both sexes.
Stimulation of the β-AR with isoprenaline enhances the influx of trigger Ca 2+ , thereby affecting contraction, and facilitates relaxation through phosphorylation of troponin I and phospholamban. In our sucrose-fed model, we recently demonstrated that sarco(endo)plasmic reticulum Ca 2+ -ATPase (SERCA) function is depressed [11] , thus providing one possible mechanism for the ability of isoprenaline to improve relaxation. Here we show that a low concentration of isoprenaline (i.e. one that does not cause positive inotropy) ameliorates cardiomyocyte dysfunction in both male and female sucrose-fed rats, although the effect is more dramatic in males (Fig. 4) . This could be a function of the level of impairment induced by sucrose feeding, but could also reflect a sex-related difference in responsiveness to isoprenaline. Ventricular myocytes from males show a greater rise in [Ca 2+ ] i in response to isoprenaline [36] , as well as a greater isoprenaline-mediated increase in cell shortening, L-type Ca 2+ current and cyclic AMP production, associated with a two-fold greater β-AR density relative to myocytes from females [37] . In any case, the improved mechanical function we see with isoprenaline suggests that a subtle dysfunction exists in myocytes from sucrose-fed rats, because it is corrected with β-AR stimulation. This is consistent with the observation that isoprenaline stimulation also normalises defective excitation-contraction coupling in myocytes from non-failing hypertrophic hearts but not in myocytes from failing hypertrophic hearts [38] .
Increasing stimulus frequency may lead to an overall accumulation of intracellular Ca 2+ , even though the trigger Ca 2+ entering with each beat may be smaller due to a shortening of action potential duration. Accordingly, with 5 Hz stimulation we see a negative inotropy, accompanied by a faster rate of contraction and relaxation in myocytes from both starch-and sucrose-fed animals, a finding that is independent of sex ( Fig. 6d-f) . Interestingly, approximately the same proportion of myocytes from sucrose-and starch-fed females (∼80%) could be driven to contract at 5 Hz, whereas we have previously reported [11] a striking difference between myocytes from sucrose-and starch-fed males in terms of capability to be paced at 5 Hz (50 vs 84%, respectively). As reported in an earlier study [10] , sucrose feeding does not produce uniformly adverse effects on all cardiac myocytes, such that a subset of these heart cells appears to have 'normal' function. Thus, the data presented in Fig. 6 may be biased in favour of cells that are only mildly affected by the long-term sucrose feeding. In order to better refine the question of frequency-dependent effects, a subset of cells was subjected to a range of stimulus frequencies and analysed with a repeated measures ANOVA (Fig. 7) . This analysis revealed that some myocytes from sucrose-fed males retain their mechanical dysfunction over a range of frequencies, whereas female myocytes are able to respond with normal twitch dynamics at frequencies from 1 to 5 Hz.
There is evidence to suggest that, in normal rat ventricular myocytes, upregulation of Ca 2+ /calmodulindependent protein kinase II (CaMKII) activity in response to either increased stimulus frequency or [Ca 2+ ] o increases the rate of intracellular Ca 2+ clearing and mechanical relaxation [39] . This mechanism of CaMKII upregulation could explain the normalisation of mechanical functions in our myocytes from sucrose-fed animals exposed to isoprenaline, increased [Ca 2+ ] o or 5 Hz stimulation. We have tried a CaMKII inhibitor with an in vitro model of high-glucose-induced myocardial dysfunction, and have preliminary evidence that CaMKII is required for the improvement of relaxation by high (4 mmol/l) [Ca 2+ ] o (Dutta and Davidoff, unpublished data). In that model, as in the sucrose-fed model, impaired SERCA function has been demonstrated [11, 40] . Whether a sex-related difference in CaMKII level or activity occurs with sucrose feeding remains to be investigated.
The sucrose-fed model provides a means of analysing changes in metabolic state and cardiac dysfunction without complications such as coronary vascular disease and obesity. Hypertension has been shown to develop in sucrose-fed rats, but only when juveniles were used [19] rather than adults [9] . While the typical atherosclerosis resistance of rats [14] might be considered a limitation of this model and may help explain some of the differences seen in experimental and clinical studies of type 2 diabetes, the ability to investigate cardiac changes without vascular complications is an important advantage of using sucrosefed rats. In a previous study we demonstrated that a number of interventions can prevent or reverse both the insulin resistance and cardiomyocyte dysfunction induced by sucrose feeding [24] , thereby demonstrating the usefulness of this model in elucidating very early changes in the disease process. Here we provide evidence of sex-related differences in the development of the disease, thus adding importance to future investigations using this model. Males begin to exhibit metabolic abnormalities after just 2 weeks on diet [7] , but do not develop significant myocardial dysfunction until at least 6 weeks of sucrose feeding (Fig. 2) . Females, on the other hand, show delayed onset and milder abnormalities in both metabolic status and cardiomyocyte function, but with a much tighter temporal coupling of these dysfunctions (i.e. signs of insulin resistance in females begin to appear after 9-11 weeks on diet [ Table 1 ], with a corresponding impairment of cardiomyocyte relaxation [ Fig. 2]) . Thus, one aspect of future studies should include a careful investigation of the linkage between sucrose-induced insulin resistance and cardiac dysfunction in males vs females. The sucrose-fed model provides an important means for studying the impact of sex on cellular changes in cardiac muscle during the early stages of development of type 2 diabetes and/or metabolic syndrome.
